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THE ORIGIN AND EVOLUTION OF 
THE SOUTHERN SNAKE RANGE 
DECOLLEMENT, EAST CENTRAL 
NEVADA 
Allen J. McGrew 1 
Department of Geology, Stanford University, Stanford, 
California 
Abstract. Regional and local stratigraphic, metamorphic, 
and structural constraints permit reconstruction of the 
southern Snake Range xtensional deformational system in 
east central Nevada. The dominant structure of the range, the 
southern Snake Range dtcollement (SSRD), operated uring 
Oligocene and Miocene extensional deformation to exhume a 
footwall of multiply deformed metasedimentary and 
plutonic rocks. Intrusion of three plutons (~ 160 Ma, 79.1 + 
0.5 Ma, and 36+ 1 Ma, respectively) and development oftwo 
cleavages preceded the onset of extensional deformation. 
Plastic deformation of lower plate metasedimentary rocks 
accompanied the early phases of regional extension and 
produced bedding-parallel grain shape foliations and WNW 
trending stretching lineations. These fabrics parallel the 
SSRD even in low-strain domains, uggesting that a 
significant component ofpure shear strain probably 
accompanied noncoaxial deformation associated with motion 
on the SSRD, consistent with other lines of evidence. 
Meanwhile, hanging wall rocks were greatly extended by at 
least wo generations of tilt block-style normal faults soling 
into the SSRD, with the earlier faults antithetic to the SSRD 
and the later faults dipping in the same direction as the SSRD. 
A retrodeformed regional cross-section sequence illustrates 
plausible alternative schemes for reconstructing the southern 
Snake Range xtensional system. In one scheme, the SSRD 
forms as a crustal scale stretching shear zone separating an 
upper plate that extends on steeply inclined normal faults 
from a lower plate that stretches by penetrative flow. In the 
other, lower plate deformation i corporates a component of
coaxial stretching, but the SSRD also functions as a 
conventional shear zone accommodating through-going dis- 
placement between opposing plates. In either case, as tectonic 
unroofmg proceeds, differential isostatic unloading induces 
the SSRD to rotate to steeper dips as it migrates into the 
frictional sliding regime, thus enabling it to remain active as a 
brittle normal fault until it finally rotates to its present 
shallow inclination. In either scenario, cross-section 
constraints suggest that total extension accommodated by the 
SSRD was probably between 8 km and 24 km. 
1 Now at Geologisches Institut, Eidgen'tssische Technische 
Hochschule Z'tkich (The Swiss Federal Institute of 
Technology at Zftrich), Zftrich, Switzerland. 
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INTRODUCTION 
The origin, kinematic significance and geometrical evolu- 
tion of shallowly inclined normal fault systems are 
fundamental issues in extensional tectonics. Regionally 
extensive faults that juxtapose nonmetamorphic sedimentary 
rocks in their hanging walls against plastically deformed 
crystalline rocks in their footwalls command special 
attention because they offer rare opportunities to characterize 
kinematic linkages between contrasting structural evels. 
These faults, commonly known as detachment faults, are the 
subjects of much controversy. This paper presents new data 
bearing on the nature and origin of one such fault, the 
southern Snake Range dtcollement (SSRD) of east central 
Nevada [Misch, 1960; Whitebread, 1969]. Currently, debate 
on the nature and origin of detachments focuses on a few 
critical questions uch as those outlined below. 
What magnitudes of displacement typify offsets across 
detachment faults ? Because detachment faults typically 
juxtapose distinctly different structural levels, it is 
commonly difficult or impossible to identify the piercing 
points or cutoffs necessary to constrain displacements, 
although several studies report relationships that seem to 
require tens of kilometers of offset [e.g., Stewart, 1983; 
Reynolds and Spencer, 1985, Davis and Lister, 1988; Wernicke 
et al., 1988]. Occasionally this circumstance gives rise to 
radically different estimates of displacement for the same 
fault system, as in the case of the northern Snake Range 
dtco!!ement (NSRD) where published estimates of 
displacement vary from less than a few kilometers [Gans and 
Miller, 1983; Miller et al., 1983; Gans and Miller, 1985] to 
approximately 60 km [Bartley and Wernicke, 1984; Wernicke 
and Bartley, 1985]. Because the SSRD may originally have 
been laterally continuous with the NSRD, the retrodeformed 
cross-section presented here may be relevant o the above 
controversy. 
What fundamental kinematic function do detachment 
faults play in accommodating lithospheric extension ? One 
popular viewpoint holds that detachments represent discrete, 
through-going crustal shear zones [e.g., Wernicke, 1981; 
Davis, 1983], while others see detachments as components in
anastomosing shear zone networks [e.g., Kligfield et al., 1984; 
Hamilton, 1987] or as regionally developed ecoupling zones 
between the seismogenic upper crust and deeper structural 
levels where penetrative stretching and pluton emplacement 
accommodate xtension [e.g., Eaton, 1982; Miller et al., 1983; 
Gans et al., 1985; Gans, 1987]. In may case, because such 
models predict contrasting strain patterns and deformational 
histories, observations in the southern Snake Range provide 
important ests of the viability of some of the competing 
interpretations. 
How does the inclination of detachment faults vary during 
the kinematic evolution of extensional systems ? A particu- 
larly important issue in the debate surrounding detachment 
faults concerns whether they formed and were seismically 
active at the dips at which they are now observed, or whether 
they subsequently rotated to their contemporary shallow 
inclinations (for example, Wemicke [ 1981] versus Jackson 
and McKenzie [1983]). Additionally, in recent years so-called 
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"roUing hinge models" have introduced a new perspective on 
the geometrical evolution of normal fault systems [e.g., 
Wernicke and Axen, 1988; Buck, 1988]. For instance, in the 
Wemicke and Axen model, detachment systems form as aseis- 
mic, shallowly inclined plastic shear zones in the middle 
crust and rotate to steeper dips as the footwall is uplifted in 
response to negative isostatic loading due to tectonic unroof- 
ing. Consequently, the detachment can continue to function as 
a steeply inclined seismogenic normal fault until the hinge- 
line of isostatic flexure migrates through a given fault 
segment rotating that segment back to shallow dip. As in 
most detachment systems, the rotational history of the SSRD 
is particularly difficult to constrain, but it is possible to 
evaluate the geometrical viability of alternative 
interpretations. 
GEOLOGIC SETTING 
Situated in east central Nevada (Figtire 1), the southern 
Snake Range (site of Great Basin National Park) was mapped 
previously at a scale of 1:48,000 by Whitebread ([1969]. In 
addition, plutonit rocks in the area have been extensively 
investigated, and abundant K-At, Rb-Sr, and U-Pb age data are 
available [Lee et al., 1968, 1970, 1981, 1982, 1984, 1986a, 
1986b; Lee and Van Loenen, 1971; Lee and Christiansen, 
1983a, b; Miller et al., 1988]. For this study, the stmcturally 
complex northeastern flank of the range was re-mapped ata 
scale of 1:24,000 by the author and by the 1984 Stanford 
Geological Survey led by E. L. Miller (map reproduced here at 
a scale of 1:48,000, Plate 1). 
Located in the hinterland of the Late Cretaceous Sevier 
orogenic belt, the southern Snake Range xposes a broad, 
north trending anticlinorium bounded to the west by the 
Butte synclinorium and to the east by the Mesozoic-aged 
Confusion Range structural trough (CRST, exposed in the 
Burbank Hills; Figure 1). The southern Snake Range 
dtcollement (SSRD) forms the dominant structural feattire 
of the range and dips 10ø-15 øeastward beneath southern Snake 
Valley, a narrow (8 km wide) basin that separates the 
southern Snake Range from the relatively simple structure 
and well-lmown stratigraphy of the Burbank Hills to the east 
[Hintze, 1960; Anderson, 1983]. The upper plate of the SSRD 
exposes a severely attenuated, normal-fault-bounded mosaic 
of various nonmetamorphic to slightly recrystallized 
o, , •.o. •,oo KM NEVADA 
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Fig. 1. Locality map showing the study area relative to some important Mesozoic structural trends: the 
Sevier orogenic belt, the Butte synclinorium, and the Confusion Range structural trough (CRST). In par- 
titular, note the apparent deflection of the Butte syuclinorium relative to the CRST, probably as a result 
of Cenozoic extension. 
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sedimentary rocks, including fragments of a thick, carbonate- 
dominated miogeoclinal sequence and overlying tuffaceous 
Tertiary marls and conglomerates (Plate 1). By contrast, he 
lower plate of the SSRD exposes a thick, stratified sequence 
of Late Proterozoic to Middle Cambrian quartzites and 
schists overlain by a thin horizon of white marble mylonite. 
Intruding this sequence are three well-dated plutons of Late 
Jurassic, Late Cretaceous, and early Oligocene age, 
respectively. Relationships between these plutons and 
country rock are critical in establishing the chronology of 
deformational and metamorphic events in the study area (see 
below). Lower plate quartzites in the eastern part of the map 
area were strained and recrystallized uring Tertiary 
deformation, but relict sedimentary features including cross 
bedding, rare conglomeratic horizons, and primary 
compositional layering are preserved. Grain shape foliation in 
these rocks is oriented perceptibly parallel to bedding and to 
the SSRD, and mean mineral elongation lineation (Le) is 
oriented approximately 105 ø, 3 ø (Plate 1 and Figure 2a). 
Finally, the SSRD, lower plate bedding, and lower plate 
foliation are all gently folded about an axis oriented 
approximately 102 ø , 6 ø , essentially parallel to grain shape 
lineation (Figure 2a). 
In many respects the structural framework outlined above 
resembles that of the northern Snake Range [Miller et al., 
1983; Gans and Miller, 1983; J. Lee et al., 1987], but the rank 
of peak metamorphism and the extent and intensity of mylon- 
itic deformation are much lower in the southern Snake Range 
than to the north. Although Miller et al. [1983] suggested 
that the NSRD and SSRD are unrelated structures, subsequent 
mapping indicates that younger faulting in the Sacramento 
Pass area between the two ranges obscures the structural rela- 
tionship between the two surfaces, and they may once have 
been laterally continuous (E. L. Miller, personal communica- 
tion, 1986). Consequently, comparison of these two ranges 
may offer important insights into the origin of a regionally 
important low angle structure. 
PRE-EXTENSIONAL TECTONIC HISTORY 
In the eastern part of the map area, Tertiary extensional 
deformation largely obscures the earlier deformational 
history, but in the western part of the study area pre- 
extensional fabric relationships are well preserved. The 
oldest deformational fabric in the southern Snake Range is a 
penetrative cleavage (S 1) that is gently inclined with respect 
to bedding and forms a north trending intersection lineation 
(L0xl). Andalusite and pseudomorphosed staurolite 
porphyroblasts in the contact aureole of the Snake Creek- 
Williams Canyon pluton overprint his cleavage, and 
hornfels textures locally obliterate it. Dating of this zoned 
tonalitic to granitic pluton by U-Pb zircon, K-Ar hornblende, 
K-Ar muscovite, and Rb-Sr methods narrowly constrains its 
age at approximately 160 Ma (Figure 3) [Lee et al., 1968, 
1970, 1981, 1986b]. Consequently, formation of the S1 
cleavage must at least slightly predate 160 Ma, although 
Miller et al. [ 1988] suggest that S 1 deformation broadly 
coincided with pluton emplacement. Metamorphic grade in 
Fig. 2. Stereoplots of selected structural data from the south- 
ern Snake Range (Schmid equal-area net, lower-hemisphere 
projection). (a) Grain shape lineations ( olid circles, N=94) 
with mean lineation vector indicated by open circle (105 ø, 3ø); 
poles to grain shape foliation (crosses, N=162) with mean 
orientation indicated (solid diamond), and with best fit great 
circle and pole to best fit great circle plotted (open diamond, 
102 ø, 6ø); and poles to SSRD (open squares, N=14). (b) L0x2 
intersection lineation (solid circles, N=22) with mean 
lineation vector indicated by open circle (301 ø, 5ø); and poles 
to S2 crenulation cleavage (crosses, N=21) with best fit great 
circle and pole to best fit great circle plotted (solid diamond, 
302% 15ø). 
the contact aureole of the Snake Creek-Williams Canyon 
pluton increases from greenschist facies to amphibolite facies 
over a distance of approximately 1.5 km, representing the peak 
metamorphic grade attained in the map area (Figure 3). 
24 McGrew: Origin of Southern Snake Range D6collement, Nevada 
•++++ .,. 
\+ + + 
++++ 
•- + 
I+ + 
/ 
I 
McGrew: Origin of Southern Snake Range D6collement, Nevada 25 
Overpriming the penetrative S 1 cleavage described above is 
a weak, sporadically occurring S2 crenulation fabric. L0x2 
intersection lineation trends consistently northwestward 
throughout the map area, but bedding to cleavage angles and 
dip directions of S2 vary, suggesting subsequent fanning about 
an axis oriented approximately 301 ø, 5 ø (Figure 2b). At thin 
section scale, the S2 cleavage cuts and rotates chlorite porphy- 
roblasts that grew during the 160 Ma metamorphic event, 
thus placing an upper bound on the age of deformation. In 
contrast, andalusite porphyroblasts that grew in the contact 
aureole of the 36 Ma Young Canyon-Kious Basin pluton (see 
below) statically overprint and therefore postdate the S2 
cleavage. Accordingly, the timing of S2 deformation is only 
broadly bracketed between 160 Ma and 36 Ma in the southern 
Snake Range; however, Miller et al. [1988] suggest on the 
basis of regional relationships that S2 fabric development 
probably coincided broadly with Cretaceous plutonism. 
Consequently, a 79.1 + 0.5 Ma Rb-Sr whole rock isochron and 
a 79.7 Ma K-At muscovite age for the Pole Canyon-Can 
Young Canyon pluton in the north central part of the map 
area may give the best estimate for the age of S2 cleavage 
development [Lee et al., 1970, 1986a] (Figure 3). In contrast 
to the Late Jurassic and Oligocene plutons, this distinctive 
muscovite phenocrystic two-mica granite produced minimal 
contact metamorphic effects, including sericitization of 
Jurassic-aged andalusite porphyroblasts and growth of new 
chlorite in the immediate contact aureole. 
The final stage of plutonism in the southern Snake Range 
involved emplacement of the Young Canyon-Kious Basin 
pluton in the northeastern part of the map area (Plate 1). A 
36 + 1 Ma U-Pb zircon age [Miller et al., 1988] and a 37.4 + 
1.5 Ma Rb-Sr whole rock isochron [Lee et al., 1986b] constrain 
the age of this intrusion (Figure 3). Garnet, poikiloblastic 
andalusite, and biotite aggregates forming pseudomorphs 
after earlier chlorite porphyroblasts characterize peak 
metamorphism in the immediate contact aureole of this 
pluton, and, as noted above, these assemblages statically 
overprint earlier deformational fabrics. In contrast o the 
relatively pristine older plutons to the west, the main phase 
of the Young Canyon-Kious Basin pluton is rather severely 
deformed and hydrothermally altered in the footwall of the 
SSRD (see discussion of lower plate strain below). Lee and 
Van Loenen [1971] mapped a fault contact between the 
severely deformed main phase and a much less deformed 
"aplitic" phase exposed on the northwestern side of Kious 
Basin, but mapping conducted for this study indicates that 
both the magnitude of deformation and the mineralogy of the 
pluton change gradationally across a narrow transition zone 
(Plate 1) [McGrew, 1986]. 
EXTENSIONAL TECTONISM 
Overprinting and locally obscuring the earlier 
deformational history outlined above is the major 
extensional deformational event that is largely responsible 
for the present-day structural configuration of the southern 
Snake Range, including the most prominent structure of the 
range, the southern Snake Range d6collement (SSRD). Several 
lines of evidence indicate an Oligocene to Miocene age for the 
SSRD. Most significantly, the SSRD either cuts or merges 
with upper plate normal faults that themselves cut and offset 
Tertiary-aged strata, including 29.5-30.6 Ma tuffs of the 
Needles Range Group [Armstrong, 1972; Best and Grant, 
1987]. In addition, involvement of the 36 Ma Young Canyon- 
Kious Basin pluton in deformation that appears to be 
associated with activity on the SSRD places an upper bracket 
on the age of footwall strain (see discussion of lower plate 
strain below). 
In addition to the above lines of evidence, the southern 
Snake Range exhibits a monotonic decrease in K-At muscovite 
ages from 79 Ma in the western part of the Pole Canyon-Can 
Young Canyon pluton to a minimum of 17 Ma immediately 
beneath the SSRD in the Young Canyon-Kious Basin pluton 
(Figure 3) [Lee et al., 1970]. The youngest K-At muscovite 
ages originate from cataclastically deformed and 
hydrothermally altered parts of the main phase of the 
Tertiary granite [Lee et al., 1970, 1984], and anomalously ow 
8180 and 8 D values from the samples yielding the youngest 
K-Ar ages suggest that hydrothermal white mica rather than 
primary muscovite was dated [Lee et al., 1984]. Consequently, 
the anomalously young K-Ar ages within the Tertiary granite 
probably record mineral growth and/or Argon loss associated 
with hydrothermal ctivity that may have accompanied the 
late stages of movement on the SSRD. 
Character of Lower Plate Strain 
The SSRD is well exposed in the eastern part of the map 
area where it typically overlies a thin horizon of white 
marble mylonite that accommodated unquantified but 
potentially large shear strains. Beneath the marble mylonite 
lies a thick sequence of less intensely strained and mostly 
nonmylonitic quartzites and subsidiary schists characterized 
by bedding parallel grain shape foliations and well-developed 
stretching lineations oriented approximately 105 ø, 3 ø, 
parallel to similar lineations in the northern Snake Range 
that are Oligocene to early Miocene in age (Figure 2a) [Lee 
and Sutter, 1991]. Toward the west these grain shape fabrics 
gradually give way to ESE trending slickenlineations on 
bedding surfaces, and the degree of transposition of older 
fabrics diminishes uch that S 1 and Llx0 (a north trending 
intersection lineafion) are increasingly preserved. In the east 
these older fabrics are preserved primarily by inclusion trails 
in ESE rotated chlorite porphyroblasts hat grew prior to the 
f'mal stage of deformation (Figure 4a). 
The age of the final stage of lower plate strain is con- 
strained primarily by the deformation of the 36 Ma Young 
Canyon-Kious Basin pluton. Distributed cataclastic deforma- 
tion along a complex system of small-scale shear surfaces 
accomodates most of the strain within the 36 Ma pluton, but 
mylonific fabrics and solid state foliations occur locally 
within the outcrop area of this granite, and in some localities 
intrusive apophyses into the deformed country rock carry the 
same WNW trending grain shape lineation that characterizes 
surrounding quartzites. In thin section, the deformed 
Tertiary granites typically show greenschist facies mineral 
assemblages including chlorite, secondary epidote, and 
Fig. 4. (a) ESE-lineated mylonitic chlorite schist froin Snake Creek window showing sigmoidal chlorite 
porphyroblasts tha  grew during earlier metamorphism and were subsequently ro ated inan apparent top- 
to-the-east sense (dextral inthis photograph) during Oligocene deformation (plane light). (b) Plastically 
deformed Tertiary granite (note sutured, polygonized, and dynamically recrystallized quartz; see text for 
additional discussion) (crossed nicols). (c) Intensely conuninuted zone in cataclastically deformed 
Tertiary granite (contrast with Figure 4b; see text for additional discussion) (crossed nicols). 
McGrew: Origin of Southern Snake Range Dtcollement, Nevada 27 
secondary white mica. In addition, quartz commonly shows 
extensive subgrain development and sutured grain boundaries 
(Figures 4b and 4c). Finally, thin zones of intensely 
comminuted and cataclasized rock frequently cut earlier 
plastic fabrics, implying a plastic to brittle evolution similar 
to that of many other Cordilleran metamorphic ore 
complexes (Figure 4c). 
These abundant small-scale cataclastic zones form a 
complicated kinematic system, with most shear surfaces 
striking approximately northward and most slicken- 
lineations oriented nearly parallel to dip, yielding a mean 
motion plane oriented approximately 80 ø , 77 ø (Figure 5; the 
motion plane is defined as the plane containing slickenlin- 
eation and the the shear surface normal). Where stepped 
slickensurfaces preserve a clear sense of offset, normal-sense 
displacement appears to predominate, suggesting an ENE 
trending extension direction that contrasts somewhat with 
the average slip line indicated by the orientation of L e in 
surrounding quartzites (105% 3ø). Consequently, the 
extension direction may have varied by as much as 30 ø during 
the course of the extensional history. Approximately 65 % 
of shear surfaces in the granite dip toward the east while the 
remainder dip westward, suggesting that the bulk deforma- 
tion path may have incorporated a significant component of 
pure shear deformation as well as a component of east 
directed noncoaxial strain (an inference reinforced by 
relationships described below). 
In order to evaluate alternative interpretations of the kine- 
matic history of the SSRD, it is particularly important o 
Fig. 5. Stereoplot of poles to motion planes for shear surfaces 
in deformed Tertiary granite [Marshak and Mitra, 1988]. 
Sense of displacement on shear surfaces is often uncertain, so 
poles are not plotted as directed line segments, but normal- 
sense displacement characterizes most surfaces where sense of 
slip can be determined. Approximately 65 % of shear surfaces 
dip eastward, and 35% dip westward. Great circle indicates 
orientation of mean motion plane. N--38. 
45 - 120 
40 I 
lOO 
35 
30 80 
25 
l• R 60 
15 40 
5 
0 1 2 3 4 5 6 7 8 9 10 
Fig. 6. Plot of foliation to shear zone angle (0') as a function 
of shear strain (¾) and ellipticity of the strain ellipse (R) for 
the case of end member simple shear strain [cf. Kligfield and 
others, 1983]. Measured finite strains in the lower plate of 
the southern Snake Range show values of R < 5 (see Figure 3), 
and even directly beneath the Southern Snake Range dtcolle- 
ment (SSRD) thin section observations on deformed 
quartzites suggest hat finite strains probably did not 
appreciably exceed this value. Consequently, strains in the 
southern Snake Range were probably too low to give rise to 
the observed parallelism between foliation and the SSRD by 
strict simple shear strain alone. A modest component of pure 
shear strain in addition to the noncoaxial strains that 
undoubtedly affected lower plate rocks could give rise to the 
observed fabric relations. 
R 
constrain the strain path characterizing deformation of lower 
plate rocks. As noted previously, the mylonitic marbles 
immediately subjacent to the SSRD probably record signifi- 
cant amounts of noncoaxial strain, and sporadically occurring 
mylonitic schists at depths as great as 100 m beneath the 
SSRD exhibit porphyroclast ymmetries that may record 
ESE directed shear (Figure 4a). However, despite the evidence 
for ESE directed noncoaxial strains noted above, 
deformational f bric relationships and quartz c axis fabric 
data from lower plate rocks suggest that the deformation 
path probably deviated significantly from end member simple 
shear strain. Particularly important is the observation that 
bedding and deformational fabrics are oriented perceptibly 
parallel to the SSRD throughout the lower plate. A simple 
shear strain interpretation can explain the observed 
parallelism between foliation and the SSRD only if shear 
strains are systematically high throughout the lower plate 
(Figure 6). In relatively low strain domains, foliation (and 
possibly bedding) should be inclined at discernible angles to 
the shear zone boundary unless acomponent of pure shear 
strain is superimposed. By contrast, coaxial strains operating 
beneath ashallowly inclined shear zone should result in 
foliations paralleling the shear zone boundary even in low- 
strain domains. Consequently, the persistent parallelism 
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between grain shape fabrics, bedding, and the SSRD even at 
relatively deep structural levels where the rocks are neither 
mylonific nor strongly strained argues againat a strict simple 
shear strain origin for lower plate deformational fabrics. 
Unfortunately, the finite strain values needed to quantify 
tiffs argument are difficult to constrain in the southern Snake 
Range. Nevertheless, thinning of the Cambrian Pioche 
Formation (Cpi) from approximately 120 m in the less 
deformed northwestern part of the range to 80-90 m directly 
beneath the SSRD suggests the possibility of 25-33% tectonic 
thinning of lower plate units in the map area (although it 
should be noted that initial stratigraphic variations could 
also account for some or all of this thickness variation; 
Stanford Geological Survey, unpublished ata, 1982 and 
1984). A more rigorous estimate of finite strain in the lower 
plate is provided by Rf-{' analysis of rare conglomeratic 
horizons found in quartzites north of the Cretaceous pluton, 
yielding finite strain values of 3.1 ß 1.0' 0.7 and 2.4' 1.0' 0.7 
corresponding to k values of 5.25 and 3.5, respectively 
(placing them well within the field of apparent 
consfrictional strain on a Flinn diagram) [Ramsay and Huber, 
1983] (Figure 3). Without more extensive data, it is 
impossible to evaluate whether these strain values truly 
record regional constrictional strain or whether they merely 
reflect local perturbations in the boundary conditions of 
plastic flow near the more resistant Cretaceous pluton. In 
any case, despite the nonmylonitic character and relatively 
low strains of these rocks, the XY plane of the strain ellip- 
soid parallels bedding as does foliation throughout the map 
area, suggesting a significaat component of pure shear strain 
parallel to lower plate bedding as discussed above (Figure 6). 
This inference accords well with the general ack of com- 
posite fabrics and other asymmetric microstinctures in 
metamorphic tectonites at depth beneath the SSRD. In addi- 
tion, quartz c-axis fabrics from beneath the SSRD generally 
show well developed crossed girdle patterns with very weak, 
ESE directed senses of asymmetry, suggesting that a 
significant component of pure shear strain accompanied ESE 
directed noncoaxial deformation [McGrew, 1986]. 
Cross-section Construction and Restoran'on 
Plate 2 presents a sequential cross-section reconstruction 
illustrating two contrasting scenarios for the large-scale 
geometrical evolution of the southern Snake Range exten- 
sional system. The choice of an appropriate line of section 
presents an immediate problem in cross-section construction 
as several ines of evidence suggest that the slip line may not 
have been constant hroughout deformation. As noted previ- 
ously, the slip line implied by the orientation of lower plate 
stretching lineation (mean L e -- 105% 3ø; Figure 2) differs 
from that implied by motion plane analysis of cataclastic 
shear surfaces in the Tertiary granite (mean motion plane -- 
80% 77ø; Figure 5). In addition, upper plate normal faults 
define two separable generations characterized by opposing 
dips and slightly different strike orientations, with the 
earlier generation of west dipping faults generally striking 
155 ø - 160 ø while the later, east-dipping faults usually strike 
approximately N-S (see Whitebread [1969] as well as Plate 
1). The line of section shown in Plate 2 minimizes the need 
for projection from outside the plane of section and 
represents a compromise between the slip lines suggested by 
the various criteria outlined above. While the lack of a 
consistent slip line introduces a degree of uncertainty to 
cross-section restoration, this uncertainty is probably 
relatively small compared with some of the uncertainties 
discussed below. In the sections that follow I detail the key 
constraints and assumptions incorporated into the 
construction of Plate 2. 
Pre-extensional structural geometry. Several observations 
suggest hat prior to the onset of extensional deformation the 
southern Snake Range probably resembled the Burbank Hills a 
few kilometers to the east, i.e., gently folded, but lacking 
severe structural disruption or profound duplication of section 
at the structural levels now exposed. 
1. No significant older-on-younger fault relationships 
occur anywhere in the southern Snake Range. 
2. Andalusite-bearing metamorphic assemblages in the 
contact aureoles of Mesozoic and Tertiary plutons are 
compatible with stratigraphic reconstruction of the mio- 
geoclinal overburden but seem difficult to reconcile with 
wholesale duplication of the upper crust, at least at 
structural levels above the southern Snake Range. 
3. Despite striking contrasts in deformational style, no 
evidence xists to demonstrate profound omission of either 
stratigraphic section or metamorphic grade across the SSRD. 
4. As emphasized first by Armstrong [ 1972] and later by 
Gans and Miller [1983] pre-extensional Tertiary rocks 
throughout east central Nevada are everywhere deposited 
with minor angular discordance on upper Paleozoic or 
younger ocks. 
5. As illustrated in Plate 2, upper plate fault geometries 
can be restored without invoking severe pre-extensional 
structural disruption. 
However, it should be noted that the extent to which the 
above arguments apply to surrounding areas uch as the north- 
em Snake Range is an issue of continuing controversy [Bartley 
and Wemicke, 1984; Gans and Miller, 1985; Wernicke and 
Bartley, 1985; Lewis et al., 1992]. Furthermore, none of these 
points bear on the possibility that Mesozoic thrust faults 
may exist beneath the deepest levels exposed inthe southern 
Snake Range. In fact, the occurrence of Mesozoic deforma- 
tional fabrics in the lower plate suggests increasing 
structural involvement at depth, both in the southern Snake 
Range and in surrounding areas [Miller et al., 1988]. 
Geometrical evolution f the SSRD. As with other major 
detachment faults, constraining the inclination of the SSRD 
through time presents a particularly challenging and 
important problem incross-section c struction. At present, 
the SSRD dips < 15 ø eastward throughout the southern Snake 
Range, but requiring the SSRD to maintain such dips 
throughout its history would give rise to serious mechanical 
problems and incongruency with numerous observations on 
the character of active normal-fault seismicity throughout 
the world [Jackson, 1987]. Angular relationships with lower 
plate strata provide some constraints onpossible initial 
orientations of the SSRD. Throughout the eastern half of the 
range the SSRD parallels ower plate units, and regional 
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reflection seismic data suggest that this pattern continues 
toward the east, with the Snake Range d•collement parallel- 
ing the western limb of the CRST (COCORP Utah Line 1) 
[Allmendinger et al., 1983]. Because r gional stratal dips 
probably did not exceed 200-30 ø at the onset of extension (see 
above), this segment ofthe SSRD probably could not have 
originated with steep dips. 
Nevertheless, mapping by Whitebread [ 1969] indicates that 
toward the west the SSRD cuts up-section across footwall 
strata with an angular discordance of approximately 30ø , thus 
opening the possibility that he SSRD may originally have 
steepened toward the west as shown in Plate 2. The rotation 
of this segment ofthe SSRD to shallower dip could occur 
either by rotation i  the hanging wall of the Schell Creek 
fault several kilometers tO the west [Gans et al., 1985] or 
because ofisostatic adjustments accompanying deformation 
[Buck, 1988, Wernicke and Axen, 1988]. By contrast, a similar 
isostatic mechanism could serve to rotate the initially 
shallowly dipping segment ofthe SSRD first o steeper angle 
and then back to shallow dip as the inflection point of 
isostatic uplift migrates through the region of interest [cf. 
Spencer, 1984; Wernicke and Axen, 1988]. 
The role that isostasy may have played in the tectonic evo- 
lution of the SSRD is difficult to evaluate from an empirical 
point of view because absolute variations in elevation f the 
Earth's urface during the course of orogenesis are 
notoriously difficult to constrain [England and Molnar, 
1990]. However, both the Tertiary unconformity data 
referred to previously [Gans and Miller, 1983] and the 
palinspastic reconstruction shown i  Plate 2require that he 
Cambrian Pioche Formation was buried to paleodepths in 
excess of 6 km beneath the Earth's surface at the onset of 
Tertiary extension. At present, this same formation is 
exposed atthe crest of the southern Snake Range, at least 6 km 
above its contemporary position beneath both the Burbank 
Hills to the east and the southern Schell Creek Range to the 
west (Plate 2) [Hose and Blake, 1976]. Mesozoic folding 
probably accommodated only part of this differential uplift, 
with the remainder occurring during Tertiary exhumation, 
most likely as a result of isostatic adjustments. In any case, 
reconstruction of Plate 2 without any uplift of lower plate 
rocks in the southern Snake Range relative to surrounding 
areas would result in a retrodeformed section showing > 4 km 
of vertical relief over a lateral distance of < 5 km. For these 
reasons, Plate 2 assumes that space problems between the 
hanging wall and the footwall of the SSRD were accommo- 
dated in part by footwall uplift as well as by hanging wall 
collapse [cfi Wernicke and Axen, 1988]. 
Geometry of upper plate faults. In the southern Snake 
Range, restoration of complicated upper plate fault 
geometries poses another challenging problem. Map 
relationships in the southern Snake Range imply two families 
of upper plate faults, an older generation ofrelatively closely 
spaced, west dipping faults and a younger generation ofmore 
widely spaced, east dipping faults. Although the east dipping 
faults do not clearly cut the west dipping faults in the area of 
Plate 1, such cross cutting relationships are exposed h• 
adjacent areas mapped by Whitebread [1969] to the south. 
Because of a lack of exposed cutoffs, reconstruction f upper 
plate faults relies entirely on restoration of upper plate fault 
blocks to inferred pre-extensional stratigraphic positions. 
Fortunately, involvement of a well-known pre-extensional 
stratigraphy facilitates this mode of reconstruction. 
The involvement of a well-known stratified sequence also 
places important constraints on regional fault reconstruction. 
Specifically, the Middle Cambrian Pole Canyon limestone 
(Cpc) is preserved both in the hanging wall and in the 
footwall of the SSRD (Plates 1 and 2). Consequently, the 
exposure of a complete section of this formation in the lower 
plate in the western part of the map area effectively defines a 
footwall cutoff. As a result, the upper plate Pole Canyon 
limestone must have originated less than -14 km west'of its 
present position (Plate 2). 
Lack of control on the precise fault geometries underlying 
and bounding southern Snake Valley presents additional 
problems for regional cross-section construction (Plate 2). 
The nature of cross cutting relationships between the range- 
bounding fault and the SSRD is a particularly important 
uncertainty. Alam and Pilger [ 1987] and Alam [ 1990] report 
that proprietary seismic data obtained from Unocal for 
southern Snake Valley image moderately dipping reflectors 
that may correspond to the SSRD. If so, then the SSRD must 
steepen beneath the western side of Snake Valley as shown in 
Plate 2 (a possibility that accords well with the rolling hinge 
model described above). However, a plausible alternative 
interpretation is that these reflectors record the geometry of 
the range front fault rather than the SSRD, in which case the 
SSRD must be tnmcated by the range-bounding structure. 
Nevertheless, this alternative interpretation probably would 
not greatly alter the gross cross-section geometry beneath 
southern Snake Valley, although the magnitude of extension 
accommodated bythe SSRD would decrease slighfiy. 
An equally important uncertainty concerns the geometry 
of upper plate faults beneath southern Snake Valley. 
Fortunately, the narrowness of southern Snake Valley and the 
relatively well known structure and stratigraphy of the 
adjacent Burbank Hills provide constraints ameliorating this 
problem. Plate 2 illustrates an upper plate fault geometry 
beneath southern Snake Valley that is plausible but 
necessarily speculative. Nevertheless, whatever the precise 
fault geometry underlying Snake Valley, the narrowness of 
the basin serves to limit the magnitude of error associated 
with this uncertainty because xtension within the upper 
plate across Snake Valley can be no less than 0 km and no 
greater than the width of the valley (8 kin). 
.Nature and geometry of lower plate strain. Regardless of 
how the uncertainties discussed above are resolved, differing 
cross-sections are possible depending on the kinematic behav- 
ior attributed to the SSRD. For instance, if a strict in situ 
extension model is invoked [e.g., Miller et a1.,1983], then 
thinning and nearly coaxial stretching of lower plate units 
directly beneath the SSRD must fully accommodate upper 
plate extension at any given point along the detachment. On 
the other hand, if a strict simple shear model is invoked [e.g., 
Wernicke, 1981; Bartley and Wernicke, 1984], then the final 
geomett3' of lower plate units depends on the distribution and 
magnitude of shear strain and the initial orientation of lower 
plate strata relative to the shear zone boundary. As outlined 
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earlier, lower plate strain relationships in the southern Snake 
Range seem to preclude either end-member interpretation, but 
between these two extremes a broad spectrum of plausible 
scenarios exists, including some that resemble the end- 
member interpretations. 
In short, it seems likely that some but not all of the 
extension in upper plate rocks was accommodated in situ by 
penetrative stretching directly beneath the SSRD. 
Consequently, the SSRD may well have acted as a "stretching 
shear zone" in the sense of Means [ 1989], with the detachment 
functioning at least in part to maintain strain compatibility 
between a relatively rigid upper plate and a lower plate that 
was stretching plastically as deformation proceeded. Plate 2 
illustrates both an end-member stretching shear zone 
interpretation of the SSRD (solid lines) and a hybrid 
interpretation i  which the SSRD functions in part as a 
stretching shear zone and in part as a more conventional 
through-going shear zone (broken lines). In the fast case 
stretching of lower plate rocks by homogeneous plane strain 
completely accommodates displacement of upper plate rocks, 
whereas in the second case lower plate stretching 
accommodates only part of the displacement on the SSRD, 
with the remainder being taken up by through-going shear. 
In either case, as extension migrates eastward through 
time, portions of the lower plate lying to the west experience 
unroofing and hence cooling and cessation of plastic deforma- 
tion at an earlier stage than do areas to the east (compatible 
with the K-Ar cooling age patterns recognized by Lee et at. 
[1970]). Accordingly, the more protracted history of plastic 
deformation in the east results in a west-to-east strain 
gradient in lower plate units such as that depicted for the end- 
member stretching shear zone interpretation in Plate 2. 
While exposures of lower plate rocks are not sufficiently 
extensive to document such a strain gradient in the southern 
Snake Range, a strikingly similar strain pattern is well 
documented in the northern Snake Range [J. Lee et al., 1987]. 
While 'bearing much in common with in situ extension 
interpretations previously advanced for the northern Snake 
Range d6cottement [Gans and Miller, 1983; Miller et at., 
1983], it should be noted that the end-member stretching 
shear zone interpretation developed above differs in that it 
requires a large component of uniform-sense noncoaxial 
strain parallel to the SSRD. For example, in the western part 
of the cross-section the upper plate accommodates at least 
120% extension whereas the lower plate accommodates no 
more than 65 % extension, thus requiring substantial down- 
to-the-east displacement on the SSRD. 
Cross-section reconstruction. The cross-section 
restoration illustrated in Plate 2 is balanced with respect to 
area but does not conserve line lengths or stratigraphic 
thicknesses due to the deformationat mechanisms assumed. 
To wit, lower plate units were asstuned to stretch and thin 
plastically during deformation and so cannot conserve line 
length. In addition, lateral differences in vertical uplift 
accompanying deformation were accommodated by vertical 
simple shear. In upper plate rocks, space problems developing 
between adjacent fault blocks during extension were 
accommodated insofar as possible by rigid body rotations (a 
line length conservative process resembling the tilt block 
models of Proffett [1977], Gans and Miller [1983], and other 
authors). However, as numerous authors have pointed out, it 
is not possible to completely accommodate space problems 
between fault blocks by rigid body rotation alone [e.g., 
Wernicke and Burchfiel, 1982], and so internal deformation by 
inclined simple shear was utilized to accommodate r sidual 
space problems as necessary (a process that does not conserve 
line lengths) [White et al., 1986; McGrew and Crews, 1990]. 
The reconstruction shown in Plate 2 yields an estimate of 
total extension of approximately 19 km between the central 
part of the southern Snake Range and the hingeline of the 
CRST. Assuming different kinematic mechanisms or 
contrasting cross-section parameters can give rise to different 
estimates of extension, but extension probably lies between 8 
km and 24 km provided that the footwall cutoff of the 
Cambrian Pole Canyon Formation is honored and that an 
upper plate fault reconstruction resembling that shown in 
Plate 2 is adopted. 
DISCUSSION AND CONCLUSIONS 
In the preferred scenario developed in Plate 2, the SSRD 
initates as a plastic stretching shear zone separating an upper 
plate that deforms by frictional sliding on steeply inclined 
normal faults from a lower plate that deforms by penetrative 
stretching and pluton emplacement [cf. Miller et al., 1983; 
Means, 1989]. As illustrated, a major east dipping normal 
fault resembling modern range front fault systems governs 
upper plate deformation during the early phases of extension, 
with an array of closely spaced down-to-the-west normal 
faults antithetic to the master fault accommodating hanging 
wall collapse [cf. White et al., 1986]. As extension proceeds, 
tilt block rotation of the antithetic system results in 
dramatic attenuation of upper plate rocks, thus applying a 
negative isostatic load to footwall rocks and ultimately 
resulting in relative uplift of the lower plate and back- 
rotation of the master normal fault in the western part of the 
extended terrain [cf. Zandt and Owens, 1980, Buck, 1988]. 
Meanwhile, as areas to the west are relatively uplifted, adja- 
cent segments of the SSRD that were originally shallowly 
dipping must become more steeply inclined and thus can 
remain active as tectonic unroofing carries them upward into 
the frictional sliding regime [cf. Wernicke and Axen, 1988]. 
Perhaps net lateral flow of deep crustal material out from 
beneath less extended adjacent areas could help accommodate 
such differential vertical motions [cf. Gans, 1987]. In any 
case, as unroofing proceeds from west to east, upper plate 
faults and the SSRD itself eventually rotate to sufficiently 
shallow angles that further slip becomes impossible due to 
frictional resistance, and as a restfit new steeply dipping 
faults must form, tracking unroofing toward the east. 
Meanwhile, portions of the lower plate in the western part of 
the area experience unroofing earlier and pass through Ar 
closure temperatures earlier than in the east (possibly 
contributing to the eastward decrease in K-At muscovite 
cooling ages recognized by Lee et at., 1970]. In other words, 
updip portions of the extensional system become defunct as 
down-dip portions of the system toward the east continue to 
accommodate extension. 
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Although Plate 2 illustrates a plausible scenario for the 
structural evolution of the southern Snake Range, it should be 
evident that certain elements in this scenario are more specu- 
lative •_han others. Among the most poorly constrained 
elements in this scenario are the initial dip of the SSRD in the 
western part of the cross-section, the nature of cross cutting 
relationships between the SSRD and the range front structure, 
and the precise geometry of lower plate units to the east of 
the southern Snake Range. The dip of the SSRD at inter- 
mediate stages in its evolutionary history and the precise 
effect of isostatic ompensation on the evolution of this 
geometry present other major elements of uncertainty. 
Nevertheless, despite important uncertainties, several 
points can be made with some confidence. The SSRD formed 
as a plastic shear zone some time after emplacement of the 36 
Ma Young Canyon-Kious Basin pluton, but by the time it 
ceased to be active (probably before 17 Ma, at least in the 
Snake Range proper) it was probably functioning as a brittle 
normal fault. While the initial dip of the SSRD is uncertain 
along the western flank of the range, it very probably formed 
at shallow inclination parallel to lower plate strata in the 
east. In the upper plate, an early generation of westward 
dipping faults and a later generation of eastward dipping 
faults clearly accommodated great extension, and attenuation 
of hanging wall rocks ultimately produced ramatic 
unroofing and relative uplift of lower plate rocks compared 
to surrounding areas. Such differential vertical movements 
are difficult to explain except in the context of isostasy. 
Finally, penetrative stretching of lower plate rocks directly 
beneath the SSRD appears to have accommodated at least part 
of upper plate extension, but a substantive component of ESE 
directed shear is also present. Consequently, the SSRD 
probably played a dual kinematic role, acting in part to 
transfer displacement down dip toward the east and in part to 
resolve relatively localized strain mismatches between a 
relatively rigid upper plate and a plastically stretching lower 
plate. 
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